mutations, where the serum-GRN levels were found to be 450% reduced compared with FTLD patients without GRN mutations. Moreover, the p.Cys416Leufs*30 mutation segregated in an affected family with different dementia diagnoses. The mutation frequency of GRN mutation was 6.6% in our FTLD cohort.
INTRODUCTION
Frontotemporal lobar degeneration (FTLD) is a heterogeneous neurodegenerative disease affecting individuals primarily below the age of 65 years. [1] [2] [3] Common clinical symptoms are progressive dysfunction of behavior and/or language. A subgroup of FTLD patients develops the motor neuron disease amyotrophic lateral sclerosis (ALS). [2] [3] [4] Up to 50% of FTLD patients have a positive family history for dementia, indicating that genetic factors contribute to the etiology. Mutations in several genes have been shown to cause FTLD and most frequently in the microtubule-associated protein tau 5 (MAPT, OMIM #600274), progranulin 6, 7 (GRN, OMIM #607485) and in the recently identified chromosome 9 openreading frame 72 gene 8, 9 (C9orf72, OMIM #105550). Mutations in GRN account for 5-10% of all the FTLD cases. 10, 11 Deletions of one copy of GRN have been reported, 12, 13 but the majority of mutations result in null alleles, leading to an approximately 50% reduction of the precursor protein GRN, which can be measured in serum, plasma and CSF. [14] [15] [16] Mutations in GRN have been reported in different clinical phenotypes including Alzheimer disease (AD) and corticobasal syndrome (CBS). [17] [18] [19] [20] In FTLD-ALS and ALS patients, the role of GRN is unclear because only missense variations with unclear pathogenicity have been detected. 21, 22 In order to investigate the GRN-mutation frequency in FTLD patients recruited from an outpatient memory clinic in Stockholm, Sweden, we have sequenced GRN and measured serum-GRN levels.
MATERIALS AND METHODS Subjects
DNA from 121 patients clinically diagnosed with FTLD was collected at the Department of Geriatric Medicine, Karolinska University Hospital. The 121 FTLD patients were diagnosed according to Neary et al. 3 The clinical and neuropathological subdiagnoses of the patients are specified in Table 1 . Patients with FTLD-ALS were included because FTLD and ALS could be considered to be part of the same disease spectrum. To perform segregation analysis, DNA was collected from available blood relatives. Serum for measuring GRN levels was available from 76 out of 121 patients, as well as from four relatives to mutation carriers.
The control population consisted of 171 neurologically healthy individuals between 72 and 85 years from the Swedish National Study on Aging and Care (http://www.snac-k.se/), with a mini mental-state examination score Z28.
Informed consent from all participants and approval from the local ethics committee in Stockholm was obtained.
Genetic analyses
GRN sequencing and haplotype analysis. All 13 exons and B60 nucleotides into the flanking intronic sequences in GRN were PCR amplified and sequenced using in-house and previously published primers. 6, 7 For haplotype analyses, microsatellites and single-nucleotide polymorphisms (SNPs) in GRN were used ( Table 2 ). The SNP genotypes were obtained from GRN sequence (A). All sequences and microsatellites were run on an ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The primer sequences and PCR conditions are available upon request.
GRN copy-number assay. The possibility of a GRN gene deletion was inferred from GRN SNP genotypes, that is, heterozygous patients were assumed not to have a deletion. In addition, for patients who were homozygous for all GRN SNPs in Table 2 , the serum-GRN levels were used to determine if reduced protein levels were a consequence of haploinsufficiency, which could serve as an indicator for a GRN deletion. For patients who were homozygous for all GRN SNPs and had no serum available, either TaqMan (Applied Biosystems, Carlsbad, CA, USA) copy-number assay (B) or multiplex ligation-dependent probe amplification (MLPA) assays were used. Quantitative real-time PCR was performed with TaqMan copy-number assays and analyzed on an ABI 7500 Fast real-time PCR system according to the manufacturer's protocol. The assays amplify target regions within the GRN gene in exon 1 (custom design), exon 3 (custom design), exon 12 (assay ID: Hs02250283_cn) and exon 13 (assay ID: Hs00336119_cn). TaqMan copy-number reference assay RNase P was used as a calibrator in every reaction together with the target assay-primers in a duplex real-time PCR. MLPA assays were performed using SALSA MLPA kit P275-B1 MAPT-PGRN (MRC-Holland, Amsterdam, the Netherlands) according to the manufacturer's protocol.
Serum-GRN measurements. GRN levels were determined by the Progranulin (human) ELISA Kit (Adipogen, Incheon, Korea) according to the manufacturer's protocol in duplicate with a dilution of 1:50 of the serum. Normal control samples as well as a positive control for a pathogenic GRN mutation resulting in haploinsufficiency were included in all ELISA experiments.
Bioinformatics
The Alamut software (Interactive Biosoftware, www.interactive-biosoftware. com) was used to analyze the effect of detected genetic variations. The software integrates five splice site prediction programs: SpliceSiteFinder, MaxEntScan, Human Splice Finder, NNSPLICE and GeneSplicer. For variations affecting the amino-acid sequence, Alamut uses the prediction programs: PolyPhen-2, Align GVGD and SIFT.
Histology and immunohistochemistry
Paraffin-embedded formalin-fixed sections from the frontal, parietal and temporal cortex and the hippocampus were analyzed on 21 FTLD patients with the following antibodies: anti-ubiquitin (1:1000; DakoCytomation, Glostrup, Denmark), anti-phospho-TAR DNA-binding protein 43 (TDP-43) (1:20 000; Cosmo Bio Co Ltd, Tokyo, Japan) and anti-tau (AT8 1:500; Innogenetics, Ghent, Belgium). Staining with hematoxylin and eosin, luxol fast blue and Bielschowsky's silver stain were also performed.
RESULTS

Genetic analysis
Sequencing of GRN in 121 FTLD patients identified several common SNPs (Table 2) . Furthermore, nine rare variations were indentified: one intronic variation; two missense variations; and six variations introducing premature stop codons, of which two were frameshift, two splice site variations and two nonsense variations (Table 3) . Of the identified rare variations, only p.Arg433Trp (numbering according to NP_002078.1 with methionine as amino acid 1) was seen in controls, with a frequency of 1/171 (Table 3) .
The p.Gly35Glufs*19 mutation was detected in patient A01 who before the age of 59 years experienced memory and language dysfunction and was diagnosed with primary progressive aphasia ( Table 4) . This mutation has previously been detected in the Swedish Karolinska FTLD family. 23 Haplotype analysis in the two families showed that patient A01 and the Swedish Karolinska family shared at the most an B297 kbp disease haplotype, spanning from the mutation downstream to the microsatellite marker D17S930. However, they did not share the same allele at rs3859268 located 883 bp centromeric to the mutation.
The second frameshift variation p.Cys416Leufs*30 was detected in patient G01 who at the age of 64 years developed memory and language dysfunction. Patient G01 had initially received a clinical diagnosis of AD but was diagnosed as FTLD with TDP-43 immunoreactivity (FTLD-TDP) after neuropathological examination. Segregation analysis in the family was performed where six family members were affected with different types of neurological conditions, such as FTLD and AD with vascular dementia (VaD), and 11 members were without any neurological symptoms. The variation was present in four and absent in two of the six affected family members. One of the affected member without the frameshift variation was diagnosed with multiple sclerosis (MS) and the other with FTLD (Supplementary Text, patient G06). Among the 11 healthy relatives, p.Cys416Leufs*30 was absent in eight, and three of those eight healthy relatives were above the age of 75 years. The mean age at onset for the affected carriers was 65 years (range 55-71 years). Of the three unaffected carriers, one was above the mean age at onset and the other two were under the age at onset, showing a variable age at onset which is in agreement with previous reports (Supplementary Figure 1) . 7, 18, [23] [24] [25] One splice site variation c.462 þ 1G4C (numbering according to NM_002087.2, starting with A in ATG as nucleotide position 1) was detected in patient B01 who at the age of 57 years developed memory problems and language dysfunction. After examination by a neuropsychologist and speech therapist, the patient received the clinical subdiagnosis bvFTD (Table 4 ). The variation is located in the splice donor site of intron 5 and was predicted to lead to skipping of exon 5 and a premature stop codon, p.Asn118Phefs*4. The other splice site variation, c.708 þ 1G4A, was detected in patient C01 who at an age between 58 and 59 years developed memory problems, behavior changes and language dysfunction. Patient C01 received the FTLD diagnosis at the age of 63 years ( Table 4 ). The variation is located in the splice donor site of intron 7 and was predicted to lead to skipping of exon 7 and a premature stop codon, p.Val200Glyfs*18.
The nonsense variation p.Tyr294* was identified in three patients (patients D01, E01 and E02) who had different clinical presentations of FTLD, as well as a 15-year range in age at onset (Table 4) . Since DNA from patient D01's family members was not available, the haplotypes of patient D01 could not be phased. However, patient E01 and E02 were shown to be siblings. A possible disease haplotype for E01 and E02 could be determined, which showed that patient D01 possibly shared one allele from D17S789 to D17S934, an B1.3 Mbp region, which indicated that all the three patients could be related.
The nonsense variation p.Cys404* was detected in patient F01 who developed memory difficulties and behavioral changes at the age of 58 years and was diagnosed as bvFTD ( Table 4) .
The intronic variation c.463-25C4T was suggested by in silico analysis to be non-pathogenic. Finally, the missense variations p.Arg432Cys (patient H01) and p.Arg433Trp were predicted by two out of three protein-structure prediction programs to not to be damaging.
The possibility of a complete deletion of one copy of the GRN gene was excluded in 114 out of 121 FTLD patients as they were heterozygous for one or more GRN SNPs and/or had serum-GRN levels above 86 ng/ml (two SD from the mean GRN level in non-mutation carriers). In the remaining seven patients, the GRN copy number was determined to be normal by MLPA or TaqMan copy-number assays. A more detailed description of the clinical history on all patients with potential pathogenic GRN mutations and their relatives is available in the Supplementary text.
Serum-GRN levels
In addition to the genetic analyses, 76 of the 121 FTLD patients had serum available for GRN level analyses. Moreover, serum from two members of the Karolinska family and two relatives to patient G01 (one carrier and a non-carrier from both families) were available, so in total 80 samples were analyzed. Eight serum samples had GRN levels lower than 50 ng/ml (mean 43.5±5.6 ng/ml; range 31.9-51.6 ng/ml) and were shown to carry premature stop codons when sequenced (Figure 1 ). These mutation carriers had 450% lower GRN levels compared with the mean serum-GRN level in patients (n ¼ 70) without pathogenic GRN variations (mean 141.0 ± 27.6 ng/ ml and range 84.5-220.8 ng/ml). The mean serum-GRN levels in patients without GRN mutations were similar to the two healthy non-carriers, one from the Karolinska family (123.8 ng/ml) and one relative of patient G01 (185.8 ng/ml). The patients carrying missense variations, p.Arg432Cys and p.Arg433Trp, had seemingly normal GRN levels of 119.6 and 148.7 ng/ml, respectively (Figure 1 ).
Histology and immunohistochemistry
Autopsy was available for two out of eight GRN-mutation carriers and 19 out of 113 non-mutation carriers. The neuropathological examinations of the two GRN-mutation carriers are described here. The formaldehyde-fixed brain of patient D01 (p.Tyr294*) weighed 1115 g. The frontal lobes were atrophic, more pronounced on the left side. There was general atrophy of the parietal and temporal lobes, and microscopy showed prominent loss of cortical neurons in sections from the left frontal lobe with astrogliosis. The right frontal lobe was better preserved as were the temporal and parietal lobes.
Immunohistochemistry demonstrated tau-negative, ubiquitin-and phospho-TDP-43-positive neuronal cytoplasmic inclusions (NCIs) and neuronal intranuclear inclusions (NIIs), as well as neurites predominantly in layer 2 of the cerebral cortex (Figures 2a-c) . A few phospho-TDP-43-positive neuronal inclusions were observed in the granular cell layer of the dentate gyrus. Thus, patient D01 received the neuropathological diagnosis FTLD-TDP. 1 According to the new harmonized FTLD-TDP neuropathological classification system, GRN-mutation carriers typically have type A histology predominantly in cortical layer 2 with numerous neurites, NCIs and few NIIs. Although the pathology was predominantly in the cortical layer 2, in agreement with type A histology, patient D01 had few phospho-TDP-43 immunoreactive neurites and NCIs, which is not typical for type A histology. 1, 26, 27 The formaldehyde-fixed brain of patient G01 (p.Cys416Leufs*30) weighed 630 g. The gyri were severely atrophic, and microscopic examination showed widespread changes with loss of neurons, mainly in cortical layer 2, with vacuolation and astrogliosis. In the superficial layers of the cerebral cortex tau-negative, ubiquitin-positive and phospho-TDP-43-positive NCIs, NIIs and neurites were found (Figures 2d-f) . In the granular cell layer of the dentate gyrus, some phospho-TDP-43-positive NCIs were observed. Similarly to patient D01, patient G01 received the neuropathological diagnosis FTLD-TDP with an atypical type A histology for the same reasons as described above for D01. 1, 26, 27 DISCUSSION Since the discovery of GRN mutations in FTLD in 2006, there have been 69 pathogenic mutations reported in the Frontotemporal Dementia Mutation Database (http://www.molgen.vib-ua.be/FTD Mutations). We have in our screen detected six possible pathogenic variations in GRN in eight patients with different clinical presentations of FTLD. All of these variations were absent in our control individuals. Furthermore, the GRN levels in five out of the six identified premature stop-codon variations demonstrated a 450% reduction in serum. The combined data indicate that the premature stop-codon variations are pathogenic. For p.Cys404*, no serum was available to demonstrate its consequence on the GRN levels, thus its pathogenicity still has to be proven. However, p.Cys404* results in a premature stop codon and was absent in 171 neurologically healthy controls (342 chromosomes) in support of its pathogenic nature.
Of the detected mutations, three have previously been reported by us and/or others: p.Gly35Glufs*19, p.Val200Glyfs*18 and p.Tyr294* (http://www.molgen.ua.ac.be/FTDMutations). 18, 20, 23, 24 The p.Gly35Glufs*19 identified in patient A01 has been reported in the Swedish Karolinska family, 23 as well as in two FTLD patients, one from the United States and one from Sweden. 18 The p.Gly35Glufs*19 mutation is a deletion of one out of four consecutive cytosines, and three substitutions in this sequence have previously been reported, c.99C4A, c.99C4T and c.102C4T, indicating that this region is a possible hotspot for mutations. 18, [23] [24] [25] 28 The family of patient A01 and the Karolinska family shared an B297 kbp common disease haplotype as shown by comparing the disease haplotypes in the respective families. However, because they do not share a SNP (rs3859268) located 883 bp away from the mutation, we suggest that the mutation has arisen twice or that the two families must be very distantly related. The p.Tyr294* was observed in three patients, two of which were found to be related. It was not possible to rule out that all three patients were related because we were unable to phase the haplotype in patient D01. Segregation analysis was only possible for p.Cys416Leufs*30 that was detected in patient G01 who belonged to a family exhibiting different types of neurological phenotypes, such as FTLD and AD with VaD. The analysis showed that the variation was present among the affected individuals except in two family members: one with MS and one who suffered from bipolar disorder from his 30s and later developed dementia and diagnosed with FTLD at the age of 81 years. There was no neuropathological confirmation of the FTLD diagnosis in this subject, and it is possible that the disease was a phenocopy or secondary to a life-long chronic psychiatric disease. The presence of p.Cys416Leufs*30 in affected family members with different dementia diagnoses indicates that the mutation can present itself with variable clinical pictures, a finding that is in agreement with previous reports. [17] [18] [19] The two missense variations p.Arg432Cys and p.Arg433Trp have previously been reported in FTLD patients. 14, 18, 24, 25 According to the in silico analysis, codon 432 is weakly conserved but there is a large physicochemical difference between Arg and Cys. This variation has previously been reported in two FTLD patients and was absent in 646 control individuals. 24, 25 Furthermore, the substitution was predicted by in silico analysis to disturb the structure or the proteolytic cleavage of the precursor protein GRN and thus affect its biological function. 25 In an in vitro study, it was observed that p.Arg432Cys resulted in reduced secretion of GRN. 29 Moreover, there was a report of a patient with FTLD carrying p.Arg432Cys who had serum-GRN levels intermediate of controls and mutation carriers. 16 However, this was not observed in patient H01 who had GRN levels similar to non-mutation carriers. Thus, the pathogenic nature of p.Arg432Cys is still unclear. The p.Arg433Trp has previously been reported to be non-pathogenic because it was detected in both patients and healthy controls and resulted in reference levels of GRN in serum and plasma. 14, 16 These results are in agreement with our findings and conclusion that p.Arg433Trp is not pathogenic.
There are reports on genetic factors that can modify age at onset for FTLD patients as well as GRN levels. The SNP rs1990622, Figure 2 Immunohistochemical staining of the frontal cortex with phospho-TDP-43 antibody on patient D01 (a-c) and G01 (d-f). Phospho-TDP-43-positive NCIs (arrows in figure a and d) , neurites (arrows in figure b and e) and NIIs (arrows in figure c and f) were detected in both patients. Scale bar ¼ 20 mm. located 6.9 kbp downstream of the gene transmembrane protein 106B (TMEM106B), has been shown to potentially modify both age at onset for GRN-mutation carriers and GRN levels in healthy individuals and GRN-mutation carriers. [30] [31] [32] Furthermore, inconclusive results on APOE as a modifying factor for FTLD have been reported. 17, 18, [33] [34] [35] [36] It has also been speculated that rs5848 in the 3 0 UTR of GRN is a binding site for the micro-RNA miR-659 and may regulate the translation of the GRN mRNA. 37, 38 Investigating these three modifying genes in our patient cohort did not reveal any association with age at onset or GRN levels in GRN-mutation carriers or the complete cohort. However, this could be due to the limited number of subjects investigated.
In summary, six GRN mutations were identified in eight patients and, where serum was available (serum was available for five of six mutations), a 450% reduction of GRN levels was detected supporting their pathogenic nature. This corresponds to a mutation frequency of 6.6% (8/121) in our clinical series of FTLD patients. Furthermore, because there is a broad spectrum of clinical phenotypes in the mutation carriers, here clearly described for p.Cys416Leufs*30, inclusion of other neurological phenotypes is of importance when screening GRN.
